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ABSTRACT 
The plane-stress theory presented in Part I is shown to qualitatively predict 
the warping of plane sections observed in transient fringe patterns obtained 
using birefringent coatings and in dynamic photoelastic pictures obtained by 
other investigators. ¥.easurements using conventional techniques are described 
in which wide rectangular bars were subjected to a longitudinal step-function 
pressure loading produced by a shock tube. Comparisons show that the gross 
features of the experimental records for the head of the pulse are qualitatively 
predicted by the theory. Both theory and experiment show that short-wavelength 
second mode disturbances arrive very early. E~erimentally it is observed that 
these disturbances are accompanied by thickness mode activity which cannot be 
accounted for by the plane-stress theory. 
INTRODUCTION 
In the companion paper, Part I, asymptotic expressions were obtained which, for 
large distances of travel, describe the longitudinal elastic strain wave propagation 
in a semi-infinite plane-stress elastic strip with stress-free lateral edges subject 
to the conditions that a uniform normal pressure with a step-function time dependence 
is applied to the end and that the end is laterally constrained. 
The purpose of the present paper, Part II, is to determine the usefulness of 
these expressions by comparing them with experimental observations. Theoretical 
predictions of the plane-stress theory for the warping of plane sections are com-
pared with transient fringe patterns obtained using birefringent coatings and with 
dynamic photoelastic pictures obtained by other investigators. An extensive ex-
perirnental program using conventional strain measuring techniques is described in 
which wide rectangular aluminum bars of several thicknesses were subjected to step-
function pressure loadings produced by a shock tube. This program·was undertaken 
for the purpose of providing more critical tests of the plane-stress theory and 
gaining further insight into the physical problem. Comparisons are made between 
the results of these experiments and the theoretical predictions. 
WARPING OF PLANE SECTIONS 
OBSERVED FRINGE PATTERKS. Birefringent coatings3 were considered as an experi-
mental means of studying wave propagation phenomena in metals and preliminary 
experiments were undertaken to determine whether it is technically possible to 
photograph the resulting fringe patterns. Using a Kerr cell motion-picture camera 
developed by one of the authors,5 the ultra-high-speed motion pictures shown in 
FiG• 1 were obtained for transient fringe patterns resulting from the impact 
3 Static applications of birefringent coatings have been recently reviewed by 
Hetenyi (1] 4 • 
4 Numbers in brackets designate References at end of paper. 
5 Ellis [2] has described this camera in connection ~~th other applications. 
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of one end of a rectangular aluminum bar having a birefringent coating. 6 The time 
between consecutive frames is 10 microseconds and the exposure time is approxi-
mately 0.05 microseconds. Althou~h further experiments are required to determine 
whether the fringe patterns truly represent the surface strains, several interest-
ing observations can be made from Fig. 1. The uniforw~y bright field of frames 
1, 2, and 3 indicates that the wave has not yet arrived. In frames 4 and 5 the 
fringe pattern appears to travel with the metal wave velocity of approximately 
2x105 in. per sec which is reassuring. The pronounced concave curvature of the 
leading fringes with respect to the direction of wave propagation in frame 5 in-
dicates that plane sections of the bar are warping for relatively long-wavelength 
waves. If there was no warpage, the fringes would have no curvature. The remain-
ing frames, beginning with frame 6, show very complex and confused fringe patterns 
of unknown origin. They are probably due to short-wavelength, high-frequency 
waves travelling i n the bar and to associated coating thickness effects. Because 
dispersion is not so important near the point of impact, high frequency waves 
are expected to be strongly present very early in the wavetrain. 
Since dynamic photoelasticity can give some qualitative insight into elastic 
wave propagation, it is interesting to note that similar fringe curvatures are 
present to some degree in all the full-field dynamic photoelastic fringe patterns 
which have been obtained for the longitudinal impact of rectangular bars. 
Concave curvatures of the leading fringes with respect to the direction of wave 
propagation are observed in the pictures of Sutton [3] and Feder, et al. [4]. 
In the pictures of Durelli, et al. [5,6] the curvature continuously changes from 
concave to convex as the fringe order increases to its maximum value. 
COMPARISON OF OBSERVED AND PREDICTED FRINGE PATTERNS. The fringe patterns in 
6 
The bar dimensions are 0.250 in. by 0.978 in. by 10.75 in. A 0.120 in. 
thick layer of PhotoStress plastic served as the birefringent coating. Al-
though the coating should be extremely thin, it was necessary to use a rela-
tively thick coating in order to obtain photographically significant fringe 
orders. 
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Fig. 1 were obtained for a longitudinal impact tJ~e of input whereas the expres-
sions developed in Part I are for a pressure shock tJ~e of input. For large dis-
tances from the source it is reasonable to expect that the solutions for longi-
tudinal impact and pressure shock problems would be essentially equivalent (cf. 
~uklowitz [71 ). Although the fringe curvatures noted in Fig. 1 were observed 
relatively near the i mpacted end, it is expected that similar, but less pronounced, 
curvatures of the leading fringes would be observed at stations more distant from 
the end. This is the case in the pictures obtained by Durelli, et al. [5,6). On 
the basis of these arguements, which may not be completely valid, the observed 
fringe curvatures at the head of the pulse will be qualitatively compared with 
the theoretically predicted curvatures. 
For purposes of qualitative comparison it will be assumed that the isochromatic 
fri~ge order N observed at a point is proportional to the absolute value of the 
difference of the principal strains e 1 and e2 at the point. In terms of the 
strain components exx' eyy' and exy' the absolute value of the principal strain 
difference is 
le e I - + /(e eyy)2 + (evv)2' 1 - 2 - ~ XX - ~ 
Considering only first mode contributions to the head of the pulse, the 
expressions for e , e , and evv are given by (38), (39), and (40), respectively. 
XX yy • .., 
of Part I. Some typical calculated first mode contours of constant principal 
strain difference are shown in Fig. 2. The solid lines identify contours obtained 
using only the first two t erms in each of expressions (38) and (39) of Part I for 
exx and eyy. For comparison several contours, indicated by dashed lines, are 
shown for which all three terms are included. In general, the additional terms 
serve to shift a particular contour and increase its curvature; otherwise, the 
general contour pattern is the saine in both cases. 
Figure 2 will be taken as qualitatively representing the predicted first mode 
fringe pattern at the head of the pusle. The leading fringes have concave 
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curvatures with respect to the direction of wave propagation. As the fringe order 
increases, the curvature continuously changes from concave to convex. A fringe 
having essentially no curvature~ indicating a uniaxial stress state, marks the 
transition from concave to convex curvatures. The fringe curvatures then become 
increasingly convex with the result that the fringes begin to close upon them-
selves, essentially appearing as ellipses of continuously decreasing size centered 
about a point. The point is a fringe source and it corresponds to the maximum 
fringe order at the head of the pulse. Continuing along the strip centerline, 
the frin ee order decreases and the closed fringes give way to fringes having con-
vex curvatures with respect to the direction of wave propagation. It can be 
readily shown that the theory predicts that this general pattern is repeated for 
the first mode. Thus, the fringe source in Fig. 2 is followed by a fringe sink, a 
second fringe source (of lesser order than the first ) , a second fringe sink, etc. 
The predicted first mode frin~e pattern of Fig. 2 cannot be compared with the 
observed fringe pattern of Fig. 1 without first examining the influence of the 
higher modes. For relatively short distances from the loaded end the initial 
arrivals of the second mode disturbances very closely follow the leading first 
mode disturbances (see Figs. 5 and 6); consequently, the beginning second mode 
disturbances, given by (45), (46), and (47) of Part I, are expected t o influence 
the leading edge of the pulse. Rough calculations for stations ahead of the fringe 
source in Fig. 2 indicate that second mode contributions modif,y individual con-
tours considerably, but that the general contour pattern of the leading fringes 
is unchanged. Qualitatively, then, the theory predicts the observed concave 
curvature of the leading fringe in Fig. 1. 
It has already been pointed out that dynamic photoelasticity can give quali-
tative .!. ndications of elastic wave propagation phenomena. In the usual visco-
elastic photoelastic materials, the high-frequency components of a pulse are 
generally much more severely attenuated (cf. [3]) than those of lower frequency. 
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Consequently, it is assumed that dynamic photoelastic fringe patterns obtained 
for the longitudinal impact of wide rectangular bars primarily reflect the behavior 
of the first mode and are best compared to the predicted first mode fringe pattern 
of Fig. 2. 
The predicted concave curvatures of the leading fringes are observed in the 
dynamic photoelastic pictures of Sutton [3] and Feder, et. al. [4J for the longi-
tudinal impact of rectangular bars of CR-39. Further comparisons between their 
pictures and Fig. 2 are not justified because of varying combinations of low 
fringe orders, poor resolution, and loading problems. 
Dynamic fringe patterns obtained by Durelli, et. al. [5,6] for longitudinally 
impacted rectangular bars of Hysol 8705, a low modulus material, are very interest-
ing in terms of the predicted first mode fringe patterns. Using this material, 
maximum fringe orders of ten are easily attained and the transient fringe patterns 
can be photographed using relatively conventional techniques. A comparison, for 
example, of Fig. 69 of [6] with Fig. 2 of the present paper indicates that there 
is striking qualitative agreement between the observed and predicted first mode 
fringe patterns at the head of the pulse. The theory properly predicts the ob-
served concave curvatures of the leading fringes, the observed transition from 
concave to convex curvatures with increasing fringe order, the observed fringe 
source for the maximum fringe order, and the subsequently observed succession of 
increasingly closely spaced fringe sources and sinks. 
MORE CHITICAL TESTS OF THE THEORY 
In view of the good qualitative agreement between observed and predicted 
fringe patterns, an experimental program was undertaken for the purpose of pro-
viding more critical tests of the theory. The results of this program should be 
of general interest since very l ittle experimental information is presently avail-
able in the literature for the propagation of longitudinal strain pulses in 
rectan~Jlar bars. 
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EXPERIMENTAL APPARATUS. 1'he general experimental arrangement is shown in Fig. 
3. Stress is applied to one end of a long rectangular aluminum bar by the re-
flection of a shock wave in air from the end face. The shock wave is produced 
in a conventional shock tube by bursting a diaphragm between a high pressure 
chamber and a channel originally at atmospheric pressure. 
The stress applied to the end of the bar has a component only in the normal 
direction and is uniform over the entire end face. Since all measurements are 
made during the time the pressure remains constant, the time dependence of the 
applied stress may be considered as a step-function. This method of loading, 
then, experimentally provides the step-function pressure loading considered in the 
mathematical treat~ent of Part I; but does not duplicate the other mathematical 
end condition of late~al constraint. It was pointed out in Part I that failure 
to satis~ the lateral end condition is expected to be relatively unimportant for 
strains at large distances fr0m the end. 
To investigate the influence of bar thickness, strain measurements were made 
for three rolled 2024 T4 aluminum bars having essentially the same widths but 
different thicknesses. The respective cross-sectional dimensions of the three 
bars were 0.064 in. by 1.484 in., 0.126 in. by 1.501 in., and 0.252 in. by 1.501 
in. Each of the bars was 130 in. long. With bars of this length it was possible 
to observe most of the interesting features of the head of the strain pulse for 
distances of travel up to about 115 in. 
In order to evaluate any of the equations developed in Part I to predict the 
nature of the strain pulse, a knowledge of the elastic constants of the three 
bars is required. The elastic constants were measured for a specimen machined 
from the 0.252 in. thick bar by using the pulse method described by Hughes, Pondrom 
and l'lims ( 8] • On the basis of these measurements, the shear wave velocity cs 
and Poisson'3 ratio a- were taken as 0.1248 in. per microsec and 0.335 
respectively, for the three bars. 
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As shown in Fig. 3, a condenser microphone arrangement is used to measure 
changes in the bar width. In order to isolate the pickups from any disturbance 
transmitted to the lucite holder during the recording of a signal, the pickups 
are cantilevered with respect to the holder supports. This provides an undis-
turbed recording time of at least 80 microsec. Square barium titanate strain 
gages mounted midway between the bar edges at several stations along one side of 
the bar, are used to measure the sum of the principal strains. Square gages are 
used to insure against bond cross-sensitivity effects [91. 
GENERAL DISCUSSION OF EXl:'E:RHiEl~TAL H..".CCJIIDS. The experimental records are 
shmm in Fig. 4 for stations 7 x = 37.5 in. and 112.5 in. For each station, 
condenser microphone and barium titanate strain gage records are shown for the 
three b3rs described above. For a condenser microphone record, the output is ex-
pected to be proportional to the change in bar width; for a s t rain gage record, 
the output is proportional to the sum of the principal strains midway between the 
edges of one side of the bar. Jvleasuring from the instant of load application, the 
starting time and estimated limits of error are given for each record by t = t 0 • 
All of the records were found to be highly reproducible with respect to tirlle. 
For a particular record, only the relative amplitudes of the oscillations are 
important since no attempt was made to measure absolute magnitudes of either the 
applied pressure or the resultant strains in the bar. Unfortunately, the relative 
amplitudes at a given station for a particular bar and detector were not as 
reproducible as the time variations. Differences ranging up to 8 percent were 
observed for 0.126 and 0.252 in. thick bars, and up to 15 percent for the 0.064 
in. thick bar. The cause of these differences is r.ot known. However, the 
extreme flexibility of the 0.064 in. thick bar may be worth noting. 
If there was no dispersion, the experimental records would have the simple 
7 Similar sets of records, which are not shown here, were also obtained for 
stations x = 18.75 and 75. 0 in. 
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form of a step function. Clearly, they bear only a rough resemblance to a step. 
The strain gage records, in particular, exhibit complicated behavior very shortly 
after the initial arrival of the pulse. This is in agreement with the arrival time 
predictions of the approximate ordinary saddlepoint, or group velocity, analysis 
of the theory. According to this analysis, saddlepoints corresponding to the real 
a2 , 1 branch of the second mode for positive j9 become real very shortly after 
the first mode saddlepoints become real. The analysis also indicates that saddle-
points associated with the real a2 , 2 branch of the second mode for positive J3 
become real almost immediately after the initial second mode arrivals. For con-
venience, these groups of saddlepoints and their contributions will be labelled 
[1,1], [2,1], and [2,2] respectively. For u = 0.335, Figs. 5 and 6 show, respec-
tively, the dominant period T and wavelength X associated with the real [1,1], 
[2,1], and [2,2] saddlepoints as a function of time t for a particular station 
x. The minimum values of t/x for which the saddlepoints first become real (cor-
responding to the formation of third order saddlepoints) are given on these figures. 
For moderate distances of travel x, it is clear from these values that second 
mode contributions t o the strain pu1se should be present at the head of the pulse. 
I·:orse 1 s experi:nental work (see Part I, r eference [2]) for wide rectangular bars 
indicates that no propagation takes place in the lowest thickness mode below a 
cut-off frequency which occurs when X /a = 4, i.e., when the half wavelength is 
equal t o the bar width. From Fig . 6 it is observed that both of the i nitial 
second mode arrivuls violate this condition ; thus, it is expected that thickness 
effects should be observable i:1 the experimental records. Indeed, oscillations 
associated with the bar thickness are clearly observed in the leading portions of 
the strain gage records for station x = 37.5 in. 
The condenser microphone records, on the other hand, exhibit relatively much 
less conplicated behavior than the corresponding strain gage records. In general 
agreement with these records, it will be shown in the next section that the theory 
predicts that the initial second mode contributions to the change i n width of the 
9 
bar are negligible at the head of the pulse. 
In the following sections the theoretical predictions of Part I for the head 
of the pulse are compared in detail with the observed experimental behavior. The 
predictions are based on a Poisson's ratio u of 0.335, a shear wave velocity 
cs of 0.1248 in. per microsec, and a strip half-width a of 0.75 in. 
COI'JP A RI SON OF CONDENSER HICROPHONE RECCRDS WITH THEORY. The predicted condenser 
microphone response, which is proportional to the transverse displacement v at 
the edge y =a of the strip, is shown in Figs. ?.a and b for the head of the pulse 
at stations x = 37.5 a nd 112.5 in., respectively. The first mode contribution 
is obtained by integrating (39) of Part I across the strip half-width. The second 
mode contributions are obtained by integrating (46)of Part I across the strip 
half-width and evaluating the resulting expression separately for each of the 
two i nitial second mode arrivals. 
It is clear that the first mode correction terms, which describe . the non-
uniform strain distribution across the strip for the first mode, serve to magnify 
the changes in the strip width. The magnitude of these correction terms decreases 
with the distance of travel. 1'he second mode contributions, as shown in Figs. ?a 
and b, are relatively small. They consist prLnarily of the [2,1] contribution; 
the [2,2) contribution being essentially zero. For the initial [2,1] contribu-
tion, roughly the center half of the bar width is in tension (compression), while 
the outside quarter widths of the bar are in compression (tension), as indicated 
in Fig. 9b of Part I. The effects do not entirely cancel and thus give rise to 
the small [2, 1] contribution. F'or the initial [2,2] contribution, roughly the 
portion of the bar width from y = -a/4 to y = +a/4 is in tension (compression), 
the portions from y = a/4 to 3a/4 and from y = -a/4 to -3a/4 are in com-
pression (tension ) , and the remaining portions are in tension (compression). The 
effects cancel almost exactly so that the initial [2,2] contribution is negligible. 
Although the condenser microphone records show some evidence of thickness mode 
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activity at the head of the pulse, the records for x = 37.5 and 112.5 in. are 
qualitatively very similar to the theoretical predictions. 
Measured values for the dominant period T of the observed oscillations as a 
function of time are compared vith predictions of the ordinarysaddlepoint analysis 
in F'ig. S for the tvo stations. The experimental points appearing on these figures 
vere determined from measurements made on the magnified records of Fig. 4. The 
half-period vas measured from a peak (dip) to a dip (peak), and the full period 
vas then assumed to occur at the mean of the time determining the half-period. 
In agreement vith the predictions discussed above, the condenser microphone 
measurements are clearJ.y associated with the first mode. A trend seems to be 
present, hovever, indicating that the observed periods of the leading loY-frequency 
oscillations become increasingly larger than the predicted periods as the dis-
tance of travel increases. 
To study this possibility, the arrival times of the first peak and the intervals 
betveen the first peak and the first dip vere carefully measured. The results of 
these measurements, along vith the estimated limits of error, are compared in 
Tables I and II with the predicted first mode values. 
TABLE I 
Predicted and Measured Arrival Times for the First Peak in the Condenser Microphone 
Records 
Station Predicted First ~ode Measured Arrival Times 
Arrival Time (microsec) 
X (rnicrosec ) Bar Thickness (in. ) 
(in.) 
t•ro terrr,s three terms 0.064 0.126 0.252 
37.5 195.82 196.34 197.9 ::!:2.0 198.6 :t2.C• 197.5 ::!:2.5 
75.0 382.80 383.46 387.9::!:2.1 387.2 ::!:2.1 386.9 ::!:2.6 
112.5 568.87 569.62 583.1 ::!:2.2 580.6 ::!:2.2 579.3 ::!:2.7 
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TABLE Il 
Predicted and ~reasured Time Intervals between the First Peak and the First Dip 
in the Condenser tJ:icrophone Records 
Station Predicted First !-.:ode Neasured Arrival Times 
Time Interval (microsec) 
X (microsec) Bar Thickness (in.) 
(in.) two t erms three terms 0.064 0.126 0 .252 
75.0 11.763 11.110 14.2 ±1.0 15.2 ±1.0 15.0 ±1.0 
112.5 13.466 12.711? 15.4 ±1.0 16.4 ±1.0 16.9±1.0 
From Tables I and II, it is apparent that the observed arrival times of the 
first peak and the time intervals between the first peak and the first dip are 
definitely larger than those predicted by the plane-stress theory and that the 
difference increases with increasing distance of travel. The implication, then, 
is that the low-frequency long-wavelength components of the pulse are travelling 
at a lower velocity than predicted by the theory. This is in general agreement 
with the theoretical results of Gazis and t·lindlin (see Part I, reference [ 6] ) • 
Gazis and l:IJ.ndlin studied the higher order approximate Kane-Eindlin equations of 
motion which take into account the first symmetric extensional mode across the 
t hickness. They showed that this thickness rr.ode causes the l ow-frequency long-
wavelength velocities of the first mode to be decreased from thei r corresponding 
plane-stress values. Also, they showed that the effect is accentuated for larger 
ratios of thickness-to-width. The observed val ues given in Table II appear to 
confirm this observation. 
Detailed comparisons show that there is essentially no quantitative agreement 
between the predicted and observed amplitude ratios of the first dip to the first 
peak. The poor reproducibi lity of the experimental records was r eflected in a 
lack of any systematic order to the observed values. Si nce at least three 
records were obtained at each station for each bar, i t should be pointed out that 
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the spread in the amplitude ratios did not include the predicted values. 
COMPARISON OF STRAIN GAGE RECORDS WITH THEORY. The predicted barium titanate 
strain gage response, which is proportional to the sum of the principal strains 
(exx + eyy) at the centerline y = 0 of the strip, is shown in Figs. 9a and b 
for the head of the pulse at stations x = 37.5 and 112.5 in., respectively. 
The first mode contribution is obtained by evaluating (38) and (39) of Part I 
for y = 0 and sumr:J.ng the resulting expressions. The initial second mode contri-
butions are obtained by summing (45) and (46) of Part I and evalUating the result-
ing expression separately for each of the two initial second mode arrivals. 
Similarly, second mode contributions following the initial arrivals are obtained 
by summing and evaluating (48) and (49) of Part I. 
Figures 9a and b show that the first mode correction terms reduce the magni-
tude of the oscillations; however, their overall effect is much less important 
than it was for the predicted condenser microphone response. The second mode 
oscillations are actually present at a given station x for timespreceding the 
arrival times given in Figs. 5 and 6. These oscillations, which have an approxi-
mately exponentially decreasing amplitude, are predicted by the extended saddle-
point analysis. 
Comparing the predicted strain gage records of Figs. 9a and b with the cor-
responding experimental records in Fig. 4, it is evident, at least for the 0.252 
and 0.126 in. thick bars, that the gross features of the observed behavior at the 
head of the pulse are qualitatively described by the theory if the [2,2] contri-
butions of the second mode are not considered. For example, considering the 
0.252 in. thick bar record in Fig. 4 for station x = 37.5 in., it is seen that 
as time increases the amplitude gradually increases, undergoes a fairly abrupt 
increase in slope, continues to increase, levels off in a brief plateau, increases 
rapidly to a fairly sharp peak, falls off rapidly to a dip, and then rises sharply 
again. Without the [2,2] contribution, the predicted record shown in Fig. 9a by 
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the heavy solid line qualitatively exhibits all of these features. Except for 
thickness mode effects, the gross behavior for the 0.126 and 0.064 in. thick 
bars is generally similar. In the same manner, a comparison of Figs. 4 and 9b 
for station x = 112.5 in. shows that the theory qualitatively exhibits the gross 
features of the observed records. It is interesting to note that the qualitative 
agreement is best at both stations for the 0.252 in. thick bar. 
Retaining the [2,2] contribution gives oscillations in the predicted strain 
gage records which do not appear to have counterparts in the experimental records. 
Rejecting this contribution is not particularly disturbing since it strongly 
violates the assumptions on which the plane-stress approximation is based. 
CONCLUSIONS AND REV~RKS 
Theoretical predictions based on the approximate plane-stress expressions 
developed in Part I for the propagation of a longitudinal elastic strain pulse in 
a wide rectangular bar have been compared in detail with experimental . observations. 
Fringe curvatures resulting from the warping of plane sections, as observed in 
pictures obtained using birefringent coatings and in the dynamic photoelastic pic-
tures of other investigators, are qualitatively explained on the basis of this 
theory. 
To provide more critical tests of the theory, an extensive experimental investi-
gation using conventional measuring techniques was undertaken in which wide rec-
tangular aluminum bars of several thicknesses were subjected to a pressure-step 
produced by a shock tube. A condenser microphone pickup was used to record changes 
in the width of the bars, and barium titanate strain gages were used to record 
the sum of the principal strains midway between the edges of the bars. It has 
been shown that the gross features of the experimental records obtained with these 
detectors are qualitatively predicted on the basis of the plane-stress theory. 
For reasonable distances of travel it has been shown that the plane-stress 
theory predicts that second mode disturbances, which are generally not negligible, 
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arrive very shortly after the first mode disturbance. This type of activity is 
strongly exhibited in the strain gage records. Furthermore, the theory predicts 
that the short-wavelengths associated with these second mode disturbances violate 
the assumptions under which the plane-stress approximation should represent the 
actual bar behavior. Supporting this conclusion, the strain gage records exhibit 
oscillations at the head of the pulse which are definitely associated with the bar 
thickness. 
Careful studies of the condenser microphone records reveal that low-frequency 
components of the first mode oscillations travel at lower velocities than predicted 
by the plane-stress theory. Also, the velocities appear tc be lower for larger 
ratios of bar thickness-to-width. It has been pointed out that these observations 
are in qualitative agreement with the theoretical results of Gazis and Mindlin 
(see Part I, reference [6]) which were derived from the higher order Kane-~indlin 
approximate equations of motion which take into account the first symmetric 
thickness-stretch mode across the thickness. 8 
Quantitative comparisons of measured relative runplitudes from the experimental 
records do not agree with predicted plane-stress values. Even for the condenser 
microphone records, which are expected to be dominated by the first mode, the 
theory does not predict the observed values. 
In general, then, the plane-stress theory appears to do a remarkably good job 
of predicting the qualitative behavior of the head of a strain pulse in a wide 
rectangular bar. However, it fails when quantitative tests are attempted. There 
are several possible reasons for this. First, thickness modes may cause the true 
8 It should be noted that the Kane-~1indlin equations of motion (see Part I, 
reference [5]) are appropriate for including thickness effects only for small 
values of Poisson's ratio, inasmuch as, for cr > 1/3, there is at least one 
symmetric thickness-shear mode whose frequency is less than that of the lowest 
thickness-stretch mode. If effects due to symmetric thickness-shear modes are 
to be included, the approximate second order equations of motion developed by 
Mindlin and Medick [ 1 0 J must be used. 
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lowest mode solution to be sufficiently shifted from the corresponding approxi-
mate plane-stress solution so that quantitative values differ substantially while 
general qualitative agreement is still good. This was the situation in the case 
of the arrival time differences. Secondly, for moderate distances of travel the 
very early arrivals of higher width modes, which have relatively high frequencies, 
may cause the different lateral end conditions between the theoretical and 
experimental problems to became important for the head of the pulse. 
Finally, an interesting observation should be made. The equations of motion 
for the symmetric vibrations of an infinite elastic plane-stress strip and for 
the corresponding vibrations of a cylindrical bar exhibit a very strong mathe-
matical similarity (cf. Holden [11] ). For the cylindrical bar they are the exact 
equations of motion. In contrast to the results discussed above for wide rectan-
gular bars, both theory and experimental results for cylindrical bars (see Part 
I, references [9] and [10]) indicate that for moderate distances of travel the 
higher mode contributions are either negligible or arrive late enough so that the 
first mode of the exact theory is adequate for quantitatively describing the 
head of the pulse. Also, it was pointed out in Part I that all of the important 
transient solutions for the step-loading of a circular bar are either implicity 
or explicity based on the assumption that there is no warping of plane sections 
during the passage of the strain pulse. For cylindrical bars subjected to longi-
tudinal step-pressure loading, Miklowitz and Nisewanger [12] are the only investi-
gators who have made experimental measurements which might exhibit large effects 
due to non-uniform strain distributions across the diameter of the bar. Since 
they used a condenser microphone to measure changes in the bar diameter, the 
mathematical similarity noted above suggests that their experimental records for 
large distances of travel might exhibit warping contributions similar to those 
shown by the correction term curves in Figs. 7 and 8. Miklowitz [7] observed 
just such discrepancies between his experimental results and theories based on 
plane sections remaining plane. 
Thus, by retaining the correction terms in a similar manner as for the 
related plane-stress problem, it should be possible to quantitatively describe 
effects resulting from the warping of plane sections in a cylindrical bar 
subjected to a step-loading. The results of this analysis will be reported in 
the near future. 
16 
17 
REFERENCES 
1 M. Het~nyi, "Photoelasticity and Photoplasticity," Structural Mechanics, 
Proceedings of the First Symposium on Naval Structural Mechanics, Pergamon 
Press, New York, 1960, pp. 483-505. 
2 A. T. EJlis, "Techniques for Pressure Pulse Heasurements and High-speed 
Photography in Ultrasonic Cavitation, 11 Cavitation in Hydrodynamics, Philoso-
phical Library, Inc., New York, 1957. 
3 G. 'vi. Sutton, 11 A Study of the Application of Photoelasticity to the 
Investigation of Stress Waves, 11 Ph.D. Thesis, California Institute of Technology, 
Pasadena, Calif., 1955. 
4 J. C. Feder, R. A. Gibbons, J. T. Gilbert, and E. L. Offenbacher, "The 
Study of the Propagation of Stress Wnves by Photoelastici ty, 11 Proceedings of 
the Society for Experimental Stress Analysis, vol. 14, No. 1, 1956, pp. 109-117. 
5 J. W. Dally, ~v'. F. Riley, and A. J. Durelli, 11 A Photoelastic Approach to 
Transient Stress Problems Employing Low-l-1odulus Materials," Journal of Applied 
Mechanics, vol. 26, Trans. ASI<E, vol. 81 , Series E, 195 9, pp. 613-620. 
6 A. J. Durelli and H. F. Riley, "Research Studies of Stress Waves in 
Earth and Model Earth Media, 11 AFSWC Technical Report 60-4, Contract AF 29(601 )-
1167, Project 1080, Task 10801, Armour Research Foundation, October, 1959, 
pp. 96-116. 
7 J. l\likl01.Titz, "On the Use of Approximate Theories of an Elastic Rod in 
Problems of Longitudinal Impact," Proceedings, Third U. s. National Congress 
of Applied Mechanics, ASME, New York, 1958, pp. 215-224. 
8 D. s. Hughes, W. L. Pondran, and R. 1. Mims, "Transmission of Elastic 
Pulses in Metal Rods," Physical Review, vol. 75, 1949, pp. 1552-1556. 
9 J. W. Hark and W. Goldsmith, "Barium Titanate Strain Gages," Proceedings 
of the Society for Experimental Stress Analysis, vol. 13, No. 1, 1955, pp. 139-
150. 
10 R. D. Mindlin and 11. A. Medick, ''Extensional Vibrations of Elastic Plates," 
Journal of Applied lviechanics, vol. 26, Trans. AS:t-·iE, vol. 81, Series E, 1959, 
PP• 561-569. 
11 A. N. Holden, "Longitudinal hodes of Elastic Waves in Isotropic Cylinders 
and Slabs," Bell System Technical Journal, vol. 30, 1951, pp. 956-969. 
12 J. VJ.klowitz and C. R. bdsewanger, "The Propagation of Compressional Waves 
in a Dispersive Elastic Rod. Part II-Experimental Results and Comparison with 
Theory," Journal of Applied l!,.echanics, vol. 24, Trans. ASME,vol. 79, 1957, PP• 
240-244. 
l 7 
2 
3 
4 
5 
8 
9 
10
 
ll
 
F
ig
u
re
 1
. 
U
lt
ra
-
hi
gh
-s
pe
ed
 m
o
tio
n 
pi
ct
ur
es
 o
f 
tr
an
si
en
t 
fr
in
ge
 p
at
te
rn
s 
re
s
u
lt
-
in
g 
fro
m
 i
m
pa
ct
in
g 
an
 
al
um
in
um
 b
ar
 h
av
in
g 
a 
bi
re
fr
in
ge
nt
 c
o
a
ti
ng
. 
(F
iel
d 
o
f 
v
ie
w
 b
eg
in
s 
3/
4 
in
. 
fro
m
 i
m
pa
ct
ed
 e
n
d 
an
d 
e
x
te
nd
s 
3 
in
. 
a
lo
ng
 b
ar
; 
s
ta
ti
on
ar
y 
da
rk
 l
in
e 
is
 a
 
sh
ad
ow
.) 
6 12
 
.
.
.
.
.
.
 
<X>
 
X (INCHES) 
34-
35-
PROPAGATION 
DIRECTION 
36 
1-+-1.7041 
1.7717 
1.7988(M AX .) 
- ~-=-=-=-----+-----=-=1 
37 
38-
Figure 2. 
/0.4089 
--0.3967 
Predicted first mode contours of constant principal strain difference 
(E/P0 )!e 1-e2 ! at the head of the pulse (t = 183.9 microsec, c5 = 
0.1248 in. per microsec, u = 0.335, and a= 0.75 in.) 
19 
A
LU
M
IN
U
M
 
B
A
R
 
ST
RA
~I
N 
SH
OC
K 
T
U
B
E
\ 
G
AG
E 
I CH
AM
BE
R 
I C
H
AN
N
EL
 
I f
--
1-
~r
:r
=.
 
=
..
.!:=
..1.
.: -
-
-
-
.
 
_
 
_
J.
..,
 ....
.
l)r
-, ~----
--, 
/D
IA
PH
R
AG
M
 r
-
-
_
;;c-
----
, 
I 
I 
I 
I 
: 
1~1~1~1
 44
M
n
 
1-i
 
I 
P
R
E
-
~ 
JO 
1 
~OO
V 
0.
25
fL
T
!A
M
P
L
IF
IE
R
 
=
 
I 
I 
A
M
P
LI
FI
E
R
 
LlF
~;D
-~;
~~-
.J 
CA
TH
O
DE
 
r
-
-
-
-
1
 F
O
LL
O
W
ER
 
TI
M
E
 
D
EL
AY
 I 
TO
 S
W
EE
P 
T
R
IG
G
E
R
 
!C
AT
H
O
D
E 
RA
Y 
G
EN
ER
AT
O
R
 
•
 
O
SC
IL
LO
SC
O
PE
 
TI
M
E 
M
AR
K 
GE
NE
RA
TO
R 
F
ig
u
re
 3
. 
Sc
he
m
at
ic
 a
pp
ar
at
us
 d
ia
gr
am
 
N
 0 
B
A
R
 
T
H
IC
K
-
N
ES
S 
(in
. )
 
0.
06
4 
0.
 1
26
 
0.
 2
52
 
C
O
N
D
E
N
SE
R
 M
IC
R
O
PH
O
N
E
 R
E
C
O
R
D
S 
(5 
p.
se
c 
ti
m
e 
m
a
r
k
er
s)
 
x
 
=
 
3 7
. 5
 i
n.
 
t 
=
 
16
1.
 5
 ±
1.
 2
p.
se
c 
0 
t 
=
 
16
0.
 4
 ±
 
l.
 2
p.
se
c 
0 
t 
=
 
16
3.
 0
 ±
 
l.
 6
p.
se
c 
0 
x
 
=
 
11
2.
 5
 i
n.
 
t 
=
 
53
3.
 3
 ±
 
1.
 2
p.
se
c 
0 
t 
=
 
53
3.
 5
 ±
 
l.
 2
p.
se
c 
0 t 
=
 5
33
.5
 ±
 
1.
 6
p.
se
c 
0 
F
ig
u
re
 4
. 
ST
R
A
IN
 G
A
G
E 
R
E
C
O
R
D
S 
(5
 p
.s
ec
 t
im
e 
m
a
rk
er
s)
 
x
 
=
 3
7.
 5
 i
n.
 
x
 
=
 11
2.
 5
 i
n.
 
t 
=
 1
68
. 5
 ±
 
l.
 2
p.
se
c 
t 
=
 5
33
. 5
 ±
 
l.
 2
p.
se
c 
0 
0 
t 
=
 
16
8.
5 
±
 
l.
 2
p.
se
c 
0 t 
=
 1
63
. 0
 ±
 
l.
 6
p.
se
c 
0 
t 
=
 
53
3.
 5
 ±
 
l.
 2
p.
se
c 
0 t 
=
 
53
3.
 0
 ±
 
l.
 6
p.
se
c 
0 
Ex
pe
ri
m
en
ta
l 
re
c
o
rd
s 
fo
r 
s
tr
ai
n 
pu
ls
e 
a
t 
s
ta
ti
on
s 
x
 
=
 37
.5
 a
n
d 
11
2.
5 
in
. 
re
s
u
lt
in
g 
fr
on
 s
te
p-
pr
es
su
re
 l
oa
di
ng
 o
f 
th
re
e 
re
c
ta
n
gu
la
r 
alu
m
in
um
 b
ar
s 
o
f 
di
ff
er
en
t 
th
ic
kn
es
se
s 
N
 
.
.
.
.
.
 
8 6 
CS
T 0 4
 2 
I 
: 
49
03
76
7J
 
.
 
I 
\ \ I~
 -
~
 -
.
c:
:. 
5.
14
75
37
 
t 
r
-
~
 
lc 
~
 
_
 
_
_
, 
-
=
::::
::-;
:-_
_
 
::>
 
' 
(/
 ~-
---
-
-
-
5 
17
19
95
 
_
J 
.
 
I 
l_
 
!/
 
-
-
-
,
 
' 
[1, u
 
[2,1
] 
2 
f_-
---
-
[2,2
] 
0 
2 
4 
6 
8 
10
 
12 
14
 
16
 
18
 
t/
x 
(J.L
 s
e
c
/in
) 
F
ig
ur
e 
5.
 
D
om
in
an
t 
pe
ri
od
s 
{c 
T)
/a 
a
ss
o
c
ia
te
d 
w
ith
 r
e
a
l 
[1
,1
], 
[2
,1
], 
an
d 
[2
,2
] 
sa
dd
le
po
in
ts
 ~s
 fu
nc
tio
ns
 o
f 
tim
e 
t 
fo
r 
a 
gi
ve
n
 
s
ta
ti
on
 
x
 
( u
 
=
 
0.
33
5 
). 
D
as
he
d 
po
rt
io
ns
 i
nd
ic
at
e 
ap
pr
ox
im
at
e 
v
a
lu
es
. 
N
 
N
 
10 r-----.-----.-~.--.-----.----~----~------~----~--~ l I 
8 
6 
4 
2 
0 2 
4 .903767 J / 
[I, I] 
\ 
[2,2] I 
I 
I 
I 
I 
5.147537 : /v 1----[) 
[! 
," / /v 
5.17 1995 
I 
4 6 8 10 12 14 
t/x ( JJ. sec/in) 
Figure 6. 
16 18 
Dominant wavelengths X /a associated with real [1,1], [2,1], and 
[2,2] saddlepoints as functi ons of t for a given station x 
( u = .o • .3.35 ) . Dashed portions indicate !lpproximate values. 
23 
I. 
6 
1.
2 
[ ;~o
]y=a
 0. 8 
1?+
-
·
-
-
-
-
-
\\
 r
=:
:. 
II
 
I 
I 
0.
4 
1-
---
-
-
-
-
-
r
-
-
-
-
(D
 
FI
R
S
T 
M
O
DE
 
W
IT
H
 
NO
 C
O
RR
EC
TI
O
N 
TE
R
M
S 
@
 
FI
R
ST
 M
OD
E 
W
IT
H
 
FI
R
ST
 C
O
RR
EC
TI
O
N 
TE
R
M
 
@
 
FI
R
ST
 
M
O
DE
 W
IT
H
 
TW
O
 C
O
RR
EC
TI
O
N 
TE
R
M
S 
@
 
FI
R
ST
 
TW
O 
SE
C
O
N
D
 M
O
DE
 
SI
G
N
AL
S 
PL
U
S 
@
 
0 
1
~
1
 
-
-
17
0 
18
0 
19
0 
20
0 
TI
M
E
, 
t 
( fL
 
s
e
c
) 
F
ig
u
re
 7
 (a
) 
21
0 
P
re
d
ic
te
d
 d
is
p
la
ce
m
en
t 
(E
v}
/(c
r-P
 0} 
a
t 
s
tr
ip
 e
dg
e 
y=
a 
fo
r 
th
e 
he
ad
 o
f 
th
e 
pu
ls
e 
(c
 
=
0
.1
2
4
8
in
. 
p
er
m
ic
ro
se
c,
 
o
-=
0.
33
5,
 a
=
0
.7
5
in
.)
 
x
=
3
7
.5
in
. 
s 
22
0 
N
 ~
 
1.
6 
1.
2 
[!~Jy=o
 L--
--+
---
;4-
---
~--
-~""
~~~0w"
 
/I
 
I 
0.
8 
0.
4 
f-
--
-
-
-
-
-
+
-
-
-
-
-
#
-
-
-
-
-
-
4
 
0 
54
0 
55
0 
56
0 
@
 
(D
 
FI
R
ST
 M
OD
E 
W
IT
H 
NO
 C
O
RR
EC
TI
O
N 
TE
R
M
S 
@
 
FI
R
ST
 M
OD
E 
W
IT
H 
FI
R
ST
 C
O
RR
EC
TI
O
N 
TE
R
M
 
Q)
 
FI
R
ST
 M
OD
E 
W
IT
H
 
TW
O 
CO
RR
EC
TI
O
N 
TE
R
M
S 
@
 
FI
R
ST
 
TW
O
 S
EC
O
ND
 M
O
DE
 S
IG
N
AL
S 
PL
US
 
Q)
 
57
0 
58
0 
Tl
 M
E
, 
t 
( p
. 
s
e
c
) 
F
ig
ur
e 
7 
(b
). 
59
0 
P
re
di
ct
ed
 d
is
pl
ac
em
en
t 
(E
v)
/(c
rP
 )
 a
t 
s
tr
ip
 e
dg
e 
y 
=
a
 f
or
 t
he
 h
ea
d 
o
f 
th
e 
pu
ls
e 
(c
 
=
 
0.
 1
24
8 
in
. 
p
er
 m
ic
ro
se
c,
 o
-0
=
 
0.
 3
35
, 
a 
=
 
0.
 7
5 
in
.) 
X
 =
 
11
2.
 5
 i
n.
 
8 
60
0 
N
 
\)1
 
6 4 
C 5
r a
 2
 r
--
-
1
-
- f-
v
 
X
 
Do
 
0 
18
0 
I 
I 
X
=
3
7
.
5
1
N
.
 
N
 + 
X=
 1
12
.5
 I
N
.
 
0 
~
 
+
 
I{ 
f?
+ 
p 
fj, 
v
o
 
~"
l.
 
~
 
t;
--
-o
-+
 
1?
---
~
.
f
l
 
TH
IC
KN
ES
S 
(IN
.
) 
CO
ND
.
 
M
IC
RO
. 
ST
.
 
GA
GE
 
+
fj, 
0.
0
6
4
 
0 
0 
fj, 
0.
1
2
6 
+
 
X
 
+
 
0.
25
2 
fj, 
v 
P
L
A
N
E
-
S
TR
tS
S
 
TH
E
O
R
Y 
-
c_ v
-
c 
~
v
 
v 
v 
'iJ
 
t-
--
"' 
v 
v 
X
 
c:::
:::: 
u
 
_
'il 
X
 X
 
X
 
.
lox 
v 
c 
X
 
X
 
X
 
v 
X
 
20
0 
0 
"
 
22
0 
24
0 
0 
p 
0 
0 
57
0 
59
0 
61
0 
T
IM
E
,(p
.s
ec
) 
F
ig
ur
e 
8.
 
0 
0 
0 
63
0 
65
0 
Co
m
pa
ris
on
 o
f 
m
ea
su
re
d 
v
a
lu
es
 f
or
 t
he
 d
om
in
an
t 
pe
ri
od
s 
(c 
T 
)/a
 
o
f 
o
bs
er
ve
d 
o
s
c
il
la
ti
on
s 
w
ith
 p
re
di
ct
io
ns
 o
f 
o
rd
in
ar
y 
sa
d&
le
po
in
t 
a
pp
ro
xi
m
at
io
n 
+
 
+
 
0 
I 
X
 
~ 
67
0
·
 
69
0 
N
 
a
-
-
1.0
 
(j)
 
-
0.
8 
!
-
-
-
-
-
-
-
+
-
-
-
·
-
-
-
-
0.
 6 
I 
\;
;!
/ 
\-I
l-
l»
~
 X~
< 
E Po
 (e
xx.
+ e
yy
l 
-
04
 
'///
'
-
-
-
-
-
+
-
-
-
-
-
-
-
L
-
-
-
-
_
1
. _
_
_
_
 
_
 
-
0.
 21
--
-
-
-
-
.
 
.
 
0 
~
 
17
0 
Jl 
18
0 
19
0 
(j)
 
FI
R
ST
 M
OD
E 
W
IT
H 
NO
 C
O
RR
EC
TI
O
N 
TE
R
M
S 
@
 
FI
R
ST
 M
OD
E 
W
IT
H 
FI
R
ST
 C
OR
RE
CT
IO
N 
TE
RM
 
@
 
FI
R
ST
 M
OD
E 
W
IT
H 
TW
O 
CO
RR
EC
TI
O
N 
TE
R
M
S 
@
 
IN
IT
IA
L 
SE
CO
ND
 M
OD
E 
SI
G
N
AL
 P
LU
S 
@
 
@
 
FI
R
ST
 
TW
O 
SE
CO
ND
 M
OD
E 
SI
G
NA
LS
 P
LU
S 
@
 
20
0 
21
0 
TI
M
E
, t
 (f
k 
s
e
c
) 
F
ig
ur
e 
9 
(a)
 
P
re
d
ic
te
d
 p
ri
nc
ip
al
 s
tr
ai
n 
s
u
m
 E
(e
 
+
 e
 
)/
P
 
a
t 
y 
=
 
0 
fo
r 
th
e 
he
ad
 
o
f 
th
e 
p
u
ls
e 
(c
 
=
 
0.
 1
24
8 
in
. 
p
er
 m2
f~r
osl
!, 
a
-0
=
 
0.
 3
35
, 
a
=
 0
. 7
5 
in
.) 
x
 
=
 3
7.
 5
 i
n.
 
s 
N
 
-
.
.
1 
-
1.
0 
.
-
-
-
-
-
-
-
-
-
-
,
-
-
-
-
-
-
-
-
-
-
,
-
-
-
-
-
-
-
-
-
-
.
-
-
-
-
-
-
-
-
-
-
.
-
-
-
-
-
-
-
-
-
-
,
-
-
-
-
-
-
-
-
-
-
,
-
-
-
-
-
-
-
-
-
-
,
 
-
o
.
8 
~
 
# 
I ~
 
I 
.
'k-
1\ 
I 
-
o.
 6 
I 
1/ 
I 
~
 
\\
 ;
/ 
I! 
~ 
~
 
_
j 
' 
I 
E Po
 (e
xx
+e
yy
l 
Q)
®®
 
-
0
.
4 
~
--
--
--
-+
--
--
-7
--
-r
--
--
--
--
~-
--
--
--
-~
--
--
--
--
+-
--
--
--
--
+-
--
--
--
~ 
-
0.
2 0 
54
0 
55
0 
56
0 Q
) 
Fl
 R
ST
 
M
OD
E 
W
IT
H 
NO
 
CO
RR
EC
TI
ON
 T
ER
M
S 
® 
FI
R
ST
 
M
OD
E 
W
IT
H 
Fl
 R
ST
 C
O
RR
EC
TI
O
N 
TE
R
M
 
@
 
FI
R
ST
 M
OD
E 
W
IT
H
 
TW
O 
CO
RR
EC
TI
O
N 
TE
RM
S 
@) 
IN
IT
IA
L 
SE
CO
ND
 M
OD
E 
SI
G
NA
L 
PL
US
 
@
 
@
 
FI
R
ST
 
TW
O 
SE
C
O
N
D
 M
OD
E 
SI
G
NA
LS
 P
LU
S 
@
 
57
0 
T
IM
E
, 
t 
(J
LS
ec
) 
F
ig
ur
e 
9 
{b
) 
58
0 
59
0 
60
0 
61
0 
P
re
di
ct
ed
 p
ri
nc
ip
al
 s
tr
a
in
 s
u
m
 E
(e
 
+
 e
 
) /
P
 
a
t 
y 
=
 0 
fo
r 
th
e 
he
ad
 o
f 
th
e 
pu
ls
e 
(c
 
=
 0
. 1
24
8 
X
X
 
yy
 
0 
S 
in
. 
p
er
 m
ic
ro
se
c,
 t
r
 =
 
0.
 3
35
, 
a 
=
 
0.
 7
5 
in
.) 
x
 
=
 
11
2.
 5
 i
n.
 
N
 
00
 
6 
5 
3 
4 
1 
1 
1 
1 
1 
1 
2 
1 
7 
1 
1 
1 
1 
1 
1 
4 
. 1 
1 
6 
1 
6 
1 
1 
1 
1 
1 
1 
1 
DISTRIBUTION LIST 
Chief, Bureau of Naval Weapons, Wash. 25, D. C. Code DLl-3 1) 
RAAD-3 1) 
RRRE 1
1
) 
RRRE-7 ) 
Chief, Bureau of Ships, Wash. 25, D. C. 
RUAW-4 Z) 
Code 335 1) 
421 (2) 
Chief of Naval Research, Wash. 25, D. C . 
t!! ~B 
Code 429 (t) 
438 1) 
David Taylor Model Basin, Wash. 7, D. C . 
466 11) 
Code 142 ) 
500 1) 
526 1) 
5 91 1) 
Chief, Bureau of Yards and Docks, Wash. 25, D. C . (Research Div.) 
Naval Engineering Experiment Station, Annapolis, Md. (Librarian) 
Naval Academy, Annapolis, Md. (Librarian) 
Naval Postgraduate School, Monterey, Calif. (Librarian) 
Naval Weapons Laboratory, Dahlgren, Va. (Librarian) 
Naval Underwater Ordnance Station, Newport, R.I. (Librarian) 
Naval Ordnance Laboratory, Silver Springs, Md. 
Desk HL (Library) 
Desk XL (Aeroballistics) 
Naval Civil Engineering Laboratory, Port Hueneme, Calif. 
Naval Ordnance Test Station, Pasadena, Calif. 
(Librarian) 
Code P508 
P804 
P8074 
P8076 
P80962 
Naval Research Laboratory, Wash. 25, D. C. (Librarian) 
( 1) 
( 1) 
(2) 
(2) 
! 1) 1) 1) 
Navy Underwater Sound Laboratory, New London, Conn. (Librarian) 
Navy Electronics Laboratory, San Diego, Calif. (Librarian) 
Naval Air Development Center, Johnsville, Pa. (Librarian) 
Navy Mine Defense Laboratory, Panama City, Fla. (Librarian) 
Naval Ordnance Test Station, China Lake, Calif. (Code 7533) 
British Joint Services Mission (Naval Staff) via BuWeps DSC-3 
Defense Research Member (W), Canadian Joint Staff, via BuWeps 
DSC-3 
ASTIA Reference Center, Library of Congress, Wash. 25, D. C. 
Document Service Center, ASTIA, Arlington, Va. 
Office of Technical Services, Dept. of Commerce, Wash . , D. C. 
National Aeronautics and Space Administration, Wa·sh., D. C. 
National Bureau of Standards (Fluid Mechanics Div . ) Wash., D. C. 
Coordinator for Research, Maritime Administration, Wash., D. C. 
National Science Foundation (Engr. Sciences Div.), Wash., D. C . 
Air research and Development Command, Wash., D. C. 
Air Force Office of Scientific Research (Mechanics Div. ), Wash, D. C. 
Office of Ordnance Research, Durham, N.C. 
Committee on Undersea Warfare, NAS-NRC, Wash., D. C. 
1 Waterways Experiment Station, Vicksburg, .Miss. 
1 Merchant Marine Academy, Kings Point, L. I., N . Y. (Librarian) 
2 Massachusetts Institute of Technology, Cambridge, Mass. 
Dept. of N. A. and M. E., Prof. L. Troost (1) 
Hydrodynamics Lab., Prof. A. Ippen (1) 
1 Applied Physics Laboratory, Univ. of Washington, Seattle, Wash. 
(Librarian) 
St. Anthony Falls Hydraulic Lab., Univ. of Washington, Seattle, 
Wash., (Librarian) 
2 Stanford University, Stanford, Calif. 
Dept. of Mech. Engr., Prof. B. Perry (1) 
He ad, Dept. of Math. ( 1) 
1 Cornell University, Ithaca, N.Y. (Director, Grad. Sch. of Aero. Engr.) 
2 Harvard University, Cambridge 38, Mass. 
Dept. of Engr. Sci., Prof. G. F. Carrier (1) 
Dept. of Math. , Prof. G. Birkhoff ( 1) 
University of Wisconsin Mathematical Research Center, Madison, 
Wise. (Prof. L. M. Milne -Thorn son) 
Alden Hydraulic Laboratory, Worcester Polytechnic Institute, 
Worcester, Mass. 
Garfield Thomas Water Tunnel, Ordnance Res. Lab., Penna. State 
. University, University Park, Pa. 
1 Davidson Laboratory, Stevens Institute of Technology, Hoboken, N.J. 
1 The John Hopkins· University, Baltimore, Md. (Dept. of Mech. Engr., 
Prof. S . Corrsin) 
Colorado State University, Fort Collins, Colo. (Dept. of Civil Engr., 
Prof. M. Albertson) 
2 University of Michigan, Ann Arbor, Mich. 
Dept. of N. A. and M. E., Prof. R. B. Couch (1) 
Dept. of Civil Engr., Prof. V. Streeter (1) 
Polytechnic Institute of Brooklyn, Brooklyn, N.Y. (Head, Dept. of 
Aero. Engr. and Appl. Mech.) 
2 Brown University, Providence, R.I., Div. of Appl. Math. (1) 
D i v. of Eng r. ( 1) 
2 Univ. of California, Berkeley, Calif., College of Engr. 
Prof. A. Shade ( 1) 
31 
Prof. J. V. Wehausen (1) 
Webb Institute of Naval Architecture, Glen Cove, L. I., N.Y. 
(Librarian) 
New York State Maritime College, Fort Schuyler, N.Y. (Librarian) 
University of Kansas, Lawrence, Kan. (Dean J. S. McNown) 
Lehigh University, Bethlehem, Penna. (Dept. of Civil Engr., 
Prof. J. B . Herbich) 
University of Notre Dame, Notre Dame, Indiana (Dept. of Engr. 
Mech., Prof. A. G. Strandhagen) 
Rensselear Polytechnic Institute, Troy, N.Y. (Depth of Math., 
Prof. H. ( ohen) 
California Institute of Technology, Pasadena, Calif. 
Prof. F. c. Lindvall ( 1) 
Prof. D . Rannie ( 1 ) 
Prof. c. B. Millikan ( 1) 
Prof. M. s. P1esset ( 1) 
Prof. T. Y. Wu ( 1) 
Prof. v . A. Vanoni ( 1 ) 
Hydrodynamics Lab. ( 25) 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
University of Illinois, Urbana, Ill. (Call. of Engr., Prof. J. Robertson) 
Scripps Institution of Oceanography, University of California, La Jolla, 
Calif. (Librarian) 
Woods Hole Oceanographic Institution, Woods Hole, Mass. (Librarian) 
Case Institute of Technology, Cleveland, Ohio (Librarian) 
Institute of Fluid Mechanics and Applied Mathematics, University of 
Maryland, College Park, Md. (Librarian) 
Philco Corporation, Philadelphia, Penna. (Engr. Librarian) 
Vitro Corporation, Silver Springs, Md. (Engr. Librarian) 
Gibbs and Cox, New York, N.Y. (Dr. S. Hoerner) 
Hydronautics, Rockville, Md. (Mr. P. Eisenberg} 
Technical Research Group, New York, N.Y. (Dr. P . Kaplan) 
Aerojet General Corporation, Azusa, Calif. (Mr. J. Levy) 
The Martin Company, Baltimore, Md. (Science Technical Librarian) 
Lockheed Aircraft Corporation, Burbank, Cali£. (Engr. Librarian) 
Douglas Aircraft Company, El Segundo, Calif. (Mr. A.M. 0. Smith) 
Bell Aerosystems Company, Buffalo, N.Y. (Engr. Librarian) 
McDannel Aircraft Company, St. Louis, Mo. (Engr. Librarian) 
Chance Vought Aircraft, Inc., Dallas, Texas (Engr. Librarian) 
Republic Aviation Corporation, Farmingdale, L. I., N.Y. (Engr. 
Librarian) 
EDO Corporation, College Point, N. Y. (Engr. Librarian) 
The RAND Corporation, Santa Monica, Calif. (Librarian) 
Electric Boat Division, General Dynamics Corporation, Groton, Conn. 
(Engr. Librarian) 
Hydrodynamics Laboratory, Convair Division, General Dynamics 
Corp., San Diego, Calif. 
Goodyear Aircraft Corporation, Akron, Ohio (Engr. Librarian) 
Grumman Aircraft Engineering Corporation, Bethpage, L. I., ·N.Y. 
( Engr. Librarian) 
Aeronutronic Division, Ford Motor Company, Newport Beach, Calif. 
(En~r. Librarian) 
Southwest Research Institute, San Antonio, Texas (Dept. of Appl. 
Mech.) 
Boeing Airplane Company, Seattle, Wash. (Aero-Space Librarian) 
Hughes Tool Company, Culver City, Calif. (Librarian) 
United Technology Corporation, Sunnyvale, Calif. (Dr . D. A. Rains) 
Cleveland Pneumatic Industries, Inc., Advanced Systems Development 
Div., El Segundo, Calif. Mr. S. Thurston (1) 
Mr. W. Ellsworth (1) 
Westinghouse Electric Corporation, Baltimore Division, Friendship 
Int'l Airport, Md. (Engr. Librarian) 
General Electric Corporation, Ordnance Dept., Pittsfield, Mass. 
(Engr. Librarian) 
General Electric Corporation, LME Dept., Schenectady, N.Y. 
(Engr. Librarian) 
Clevite Brush Development, Clevite Research Center, Cleveland, 
Ohio (Engr. Librarian) 
AVCO Manufacturing Company, Everett, Mass. (Engr. Librarian) 
Society of Naval Architects and Marine Engineers, New York, N.Y. 
Applied Mechanics Reviews, New York, N.Y. 
Engineering Societies Library, New York, N.Y. 
Institute of the Aerospace Sciences Library, New York, N.Y. 
6 E. P. Cochran, Jr . , Commander, USN, Fluid Dynamics Branch, 
Office of Naval Research, Washington 25, D.C. 
2 Mr. Dan Kallas, Material Laboratory, New York Naval Shipyard, 
Brooklyn, N. Y. 
1 Laboratorio Hidrotecnico Salturnino de Brito, Rua Ferrieira 
Pontes 637, Rio de Janeiro, Brazil, Attn: Victor F. Motta 
